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1.  INTRODUCTION 


The  acquisition  of  interior  ballistic  data  such  as  propelling  gas  pressure,  projectile 
acceleration,  and  projectile-  bore  interactions  in  conventional  propulsion  systems  has 
become  routine  at  the  U.S.  Army  Research  Laboratory  (ARL).  These  measurements  are 
necessary  to  evaluate  existing  weapon  systems  and  to  validate  newly  formulated  interior 
ballistic  models.  However,  with  the  emergence  of  advanced  propulsion  concepts  such  as 
regenerative  liquid  propellant  technology,  the  instrumentation  systems  needed  to  acquire 
and  process  these  ballistic  data  have  changed.  Unlike  the  ballistic  parameters  observed 
in  conventional  propulsion  sysfr  ms,  high  frequency  oscillations  have  been  observed  in 
ballistic  data  acquired  from  Regenerative  Liquid  Propellant  Gun  (RLPG)  systems.  The 
effects  of  these  oscillations  on  projectile  integrity,  projectile  payloads,  and  system  wear  is 
a  key  technical  issue  in  the  fieldability  of  these  systems.  In  order  to  make  any  judgments 
concerning  the  effects  of  these  oscillations,  it  is  necessary  to  have  some  knowledge 
concerning  their  frequency  and  amplitude  content.  This  fact  places  a  great  deal  of 
importance  on  instrumentation  and  data  acquisition  practices.  Appropriate  data  sampling 
rates  and  acquisition  system  bandwidths  become  paramount  to  acquiring  accurate  ballistic 
data. 


Experimental  investigation  cf  interior  ballistic  events  often  requires  a  precise  freouency 
spectrum  analysis  of  data.  This  is  particularly  true  in  the  study  of  high  frequency  pressure 
oscillations  in  the  liquid  propellant  gun.  Unfortunately,  a  phenomenon  known  as  aliasing 
can  severely  bias  the  frequency  spectrum  of  recorded  data.  In  this  report,  aliasing  is 
demonstrated  with  respect  to  regenerative  liquid  propellant  gun  data,  and  a  standardized 
procedure  is  outlined  to  limit  its  effct.  An  analysis  is  put  forward  which  quantifies  the 
frequency  and  amplitude  limitations  associated  with  the  frequency  spectrum  analysis 
routinely  performed  on  this  data. 
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2.  EFFECT  OF  ALIASING 


Before  any  waveform  can  undergo  digital  signal  processing,  it  must  be  sampled.  The 
rate  at  which  the  waveform  is  sampled  determines  how  close  the  discrete  representation 
is  to  the  original  analog  waveform.  The  rule  regarding  adequate  sampling  of  a  waveform 
is  popularly  known  as  the  Nyquist  Criterion  (Marshall  1990;  Ramirez  1985).  It  states  that 
it  is  necessary  to  sample  a  waveform  at  least  twice  per  cycle  in  order  to  know  its  true 
frequency.  In  other  words,  there  must  be  at  least  two  samples  per  cycle  for  any  frequency 
component  you  wish  to  resolve.  If  the  sampling  rate  is  less  than  twice  the  highest  frequency 
component,  then  aliasing  will  occur. 

The  Nyquist  Criterion  can  be  verified  through  a  simple  experiment.  By  sampling 
sinusoids  of  increasing  frequency  while  maintaining  a  constant  sampling  rate,  the  Nyquist 
Criterion,  and  in  turn  aliasing,  car  be  demonstrated.  As  the  sinusoid’s  frequency  in¬ 
creases,  a  frequency  will  be  reached  such  that  samples  occur  at  less  than  2  per  cycle.  At 
this  frequency  (Nyquist  frequency),  aliasing  can  be  observed.  Figure  1  shows  what  will 
happen  if  a  signal  is  digitized  at  a  rate  less  than  2  samples  per  cycle.  As  seen  in  the  figure, 
the  digitized  signal  will  have  a  lower  apparent  frequency  than  the  original  waveform. 
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This  phenomenon  can  also  be  seen  in  the  frequency  domain  where  the  spectra! 
components  can  be  observed  to  move  out  to  the  edges  of  the  magnitude  display  as  the 
frequency  is  increased.  At  the  Nyquist  frequency  (half  the  sampling  rate),  the  spectra! 
components  folc  around  the  edges  of  the  Fast  Fourier  Transform  (FFT)  magnitude  display 
and  can  be  seen  at  the  lower  frequencies.  This  is  aliasing,  which  is  the  representation  of 
a  high-frequency  component  by  a  lower-frequency  component. 


This  experiment  is  represented  in  Figures  2-6.  Figure  2  shows  the  FFT  representation 
of  a  50  kHz  sinusoid  sampled  at  200  kHz.  Figures  3  and  4  show  the  corresponding  FFT's 
for  a  90  kHz  and  a  97  kHz  sinusoid  also  sampled  at  200  kHz.  Note  that  as  the  frequency 
of  the  sinusoid  approaches  the  Nyquist  frequency,  in  this  case  100  kHz,  the  spectra! 
components  move  closer  to  the  edges  of  the  display.  Figures  5  and  6  show  the 
corresponding  FFT’s  for  a  105  kHz  and  a  120  kHz  sinusoid  also  sampled  at  200  kHz. 


As  the  number  of  samples  per  cycle  dropped  below  two,  the  spectral  components 
folded  over  into  the  lower  frequency  area  of  the  display  (95  kHz  and  80  kHz  respectively). 
Likewise,  if  we  were  to  sample  0  250  kHz  sinusoid  at  200  kHz,  its  spectral  components 
would  be  represented  at  50  kHz.  This  experiment  clearly  demonstrates  the  effect  of 
aliasing  on  a  simple  sinusoid.  The  next  step  is  to  investigate  its  effect  on  a  waveform  with 
a  more  complex  frequency  spectrum. 
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Figure  2.  FFT  of  a  50  kHz  Sinusoid  Sampled  at  200  kHz. 


J _ i- 


SB. 0kh* 
FREQUENCY 


7S.0khx 


3 


MAGNITUDE  MAGNITUDE 


FREQUENCY 

Figure  3.  FFT  of  a  90  kHz  Sinusoid  Sampled  at  200  kHz 
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3.  ALIASING  IN  RLPG  TESTING 


The  acquisition  system  used  to  acquire  the  sinusoids  in  the  previous  experiment  is  the 
same  system  used  to  acquire  interior  ballistic  data  from  RLPG  testing  at  the  ARL.  The 
aliasing,  or  "foldover,"  effect  demonstrated  in  the  previous  experiment  also  applies  to  much 
more  complex  spectral  transients  such  as  those  encountered  in  the  measurement  of 
interior  ballistic  data  in  RLPGs.  Figure  7  shows  a  chamber  pressure  representative  of  the 
data  acquired  from  a  30-mm  RLPG  at  the  ARL.  The  pressure  oscillations  seen  on  this 
pressure-time  (  P-t  )  curve  contain  a  wide  range  of  frequency  components.  These 
oscillations  can  range  from  a  few  kHz  to  near  one-hundred  kHz.  However,  effects  of  the 
pressure  transducer,  such  as  resonant  frequency  (Kistler  1991),  result  in  much  higher 
frequencies  being  present  in  the  acquired  data.  Figure  8  shows  an  FFT  (1  ms  at  peak) 
of  a  chamber  pressure  from  a  30-mm  RLPG  firing.  The  data  was  acquired  at  500  kHz, 
therefore  the  frequency  on  the  plot  shown  extends  up  to  the  Nyquist  frequency  of  250  kHz. 
The  resonant  frequency  for  the  Kistler  607C4  pressure  transducer  used  in  this  test  is 
nominally  250  kHz.  As  can  be  seen  from  Figure  8,  there  is  a  relatively  dominant  frequency 
which  occurs  at  approximately  230  kHz  and  there  is  also  quite  a  wide  spectrum  of  data 
between  100  kHz  and  200  kHz.  The  point  of  presenting  this  complex  frequency  spectrum 
is  to  demonstrate  that  there  are  frequencies  in  the  spectrum  that  could  potentially  be 
aliased  to  lower  frequencies  if  steps  are  not  taken  to  alleviate  this  effect.  If  these 
frequencies  were  aliased,  they  could  severely  bias  the  frequency  analysis  of  the  pressure 
oscillations  seen  in  Figure  7. 


Aliasing  is  virtually  inevitable  when  sampling  analog  waveforms  with  broad  band 
frequency  spectrums  as  in  the  case  of  the  digital  representation  of  RLPG  data.  In  practice 
it  is  sometimes  difficult  to  have  a  sampling  rate  that  assures  two  samples  per  cycle  for  all 
frequencies  in  the  spectrum.  In  most  cases,  however,  there  is  a  frequency  at  which  the 
energy  in  the  spectrum  of  the  waveform  drops  below  what  can  be  considered  a  significant 
level.  In  order  to  resolve  the  frequency  content  of  such  an  analog  waveform,  one  need 
only  be  sure  that  a  sampling  rate  selected  which  ensures  several  samples  per  cycle 
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occur  for  the  highest  frequency  of  significance.  Any  aliasing  that  occurs  is  then  below  the 
level  of  consideration,  or  at  least  below  the  resolution  of  the  acquisition  system.  The 
problem  with  this  concept  is  that  it  is  very  difficult  to  determine  this  frequency. 


TIME 


Figure  7.  Chamber  Pressure  From  a  30-mm  RLPG. 
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Figure  8.  FFT  of  Pressure  Above  Sampled  at  500  kHz 
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The  criterion  for  resolving  the  frequency  content  of  the  pressure  oscillations  observed 
in  RLPG's  has  been  considered.  However,  the  amplitude  of  these  oscillations  must  also 
be  considered.  It  is  a  necessary  condition  to  sample  the  waveform  at  least  twice  per  cycle 
in  order  to  resolve  the  frequency  content  of  the  waveform.  However,  this  is  not  a  sufficient 
condition  to  resolve  the  amplitude  of  the  oscillations.  Figures  9-1 1  serve  to  demonstrate 
that  sampling  at  a  few  samples  per  cycle  wili  not  resolve  the  amplitude  characteristics  of 
a  waveform.  Figure  9  shows  a  40  kHz  sinusoid  that  was  sampled  at  100  kHz  (2.5 
samples/cycle).  Obviously,  the  amplitude  of  the  waveform  has  not  been  adequately 
resolved.  Figure  10  shows  a  40  kHz  sinusoid  that  was  sampled  at  200  kHz  (5 
samples/cycle).  The  waveform’s  amplitude  appears  to  be  resolved  satisfactorily  but  the 
digital  representation  does  not  exactly  represent  the  shape  of  the  original  waveform. 
Finally,  Figure  11  shows  the  same  waveform  sampled  at  500  kHz  (12.5  samples/cycle). 
The  digital  representation  is  much  improved,  but  it  still  does  not  exactly  represent  the  shape 
of  the  original  waveform.  In  fact,  one  may  have  to  sample  a  given  analog  waveform  at  20 
times  the  highest  frequency  in  the  spectrum  in  order  to  fully  resolve  the  shape  of  the 
waveform  (Marshall  and  Verdun  1990).  Obviously,  it  is  not  practical  to  sample  a  waveform 
with  frequencies  in  excess  of  80  kHz  (RLPG  data)  at  such  a  high  rate.  However,  it  is 
generally  not  necessary  to  duplicate  the  waveform’s  exact  shape.  In  most  cases,  it 
suffices  to  be  able  to  resolve  the  frequency  and  the  amplitude  components  of  the 
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Figure  10. 
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it  is  difficult  to  determine  whether  data  acquired  from  RLPGs  are  high  enough  in 
frequency  to  cause  aliasing.  This  is  primarily  due  to  the  fast  rise  time  and  high  resonant 
frequency  of  the  pressure  transducer  (note  Figure  8),  and  the  uncertainty  of  how  high  into 
the  frequency  spectrum  the  pressure  oscillations  actually  extend.  Therefore,  one  cannot 
be  assured  that  aliasing  effects  will  be  eliminated  simply  by  using  a  very  high  sampling 
rate.  To  alleviate  the  effect  of  aliasing  when  recording  data  from  a  RLPG,  it  is  imperative 
that  the  data  be  filtered  before  it  is  sampled. 


The  following  test  was  conducted  in  order  to  demonstrate  that  aliasing  does  occur  in 
the  acquisition  of  RLPG  data  if  steps  are  not  taken  to  eliminate  its  effect.  The  ballistic  data 
acquisition  system  (BALDAS  II)  used  for  acquiring  RLPG  data  at  the  ARL  was  used  to 


Figure  12.  Chamber  Pressure^nd. Corresponding  FFT  Acquired  at  200  kHz  Without  a 

Low-pass  Filter. 
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acquire  the  data  for  this  test.  The  data  was  also  recorded  on  analog  tape  for  future 
reference. 


A  chamber  pressure  was  acquired  at  200  kHz  with,  and  without,  an  on-line  low-pass 
filter  at  80  kHz.  Figure  12  shows  the  chamber  pressure  and  its  corresponding  FFT  for  the 
case  without  the  low-pass  filter.  Figure  13  shows  the  chamber  pressure  and  the  cor¬ 
responding  FFT  for  the  case  with  the  low-pass  filter  at  80  kHz.  Note  that  when  comparing 
the  two  chamber  P-t  curves,  no  significant  difference  can  be  seen.  However,  when 
comparing  the  information  in  the  frequency  spectrum,  the  data  acquired  without  the 
low-pass  filter  appears  to  have  much  more  energy  across  the  entire  spectrum.  Recall 
Figure  8,  which  shows  the  FFT  of  a  chamber  pressure  in  a  RLPG  test  that  was  sampled 


Figure  13.  Chamber.  Pressurajnd.CottBSDaDdlna  FFT  Acquired  at  200  kHz  With  an  Qn-line  Low-pass 

Filter  at  8Q  kHz. 
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at  500  kHz.  In  the  RLPG  data  that  were  acquired  at  200  kHz,  the  frequencies  above  1 00kHz 
would  be  aliased  onto  the  lower  frequencies,  (e.g.,  180  kHz  to  20  kHz,  120  kHz  to  80  kHz). 
By  looking  at  Figure  8,  it  is  evident  that  there  are  frequencies  above  100  kHz  that  could 
easily  add  to  the  existing  spectrum  below  100  kHz,  resulting  in  a  spectrum  similar  to  the 
one  seen  in  Figure  12.  Obviously,  the  techniques  used  to  acquire  data  from  RLPGs  have 
a  profound  effect  on  any  conclusions  one  can  draw  from  a  frequency  spectrum  analysis. 


The  chamber  pressure  acquired  without  the  low-pass  filter  was  then  digitized  from  the 
analog  tape  at  400  kHz.  The  analog  tape  recorder  also  contained  a  built-in  low-pass  filter 
at  80  kHz  in  each  play  back  card.  Both  the  chamber  pressure  and  the  corresponding  FFT 
are  shown  in  Figure  14.  As  expected,  the  effect  of  aliasing  was  eliminated  by  the  built-in 
low-pass  filter  at  80  kHz.  Figure  1 5  shows  a  comparison  between  the  FFT s  from  the  on-line 
low-pass  filter  at  80  kHz  and  the  analog  tape  recorder  low-pass  filter.  Note  that  since  the 
analog  tape  data  was  sampled  at  400  kHz  the  spectrum  actually  ends  at  200  kHz. 
However,  for  purposes  of  comparison,  it  was  only  plotted  to  100  kHz.  The  only  difference 
appears  to  be  in  the  cutoff  characteristics  of  the  two  filters.  The  on-line  low-pass  filter 
appears  to  have  sharper  cutoff  characteristics.  However,  in  either  case,  the  filter  served 
to  eliminate  the  effect  of  aliasing. 


4.  STANDARDIZED  PROCEDURE 


The  previous  paragraphs  have  demonstrated  how  aliasing  can  effect  the  validity  of  data 
recorded  from  RLPGs.  The  use  of  a  filter  to  alleviate  the  effect  of  this  phenomenon  has 
been  demonstrated.  Based  on  this  demonstration,  a  standardized  procedure  has  been 
instituted  at  the  ARL  for  use  when  acquiring  RLPG  data.  Due  to  hardware  limitations  within 
the  acquisition  system,  a  200  kHz  sampling  frequency  per  channel  is  the  maximum  that 
can  be  used  to  acquire  the  large  number  of  channels  required  for  instrumenting  a  RLPG. 
In  addition,  a  set  of  20  low-pass  filters  with  relatively  sharp  cutoff  characteristics  would  be 
needed  in  order  to  filter  the  data  on-line.  These  filters  were  unavailable  within  present 
resources  and  a  substantial  investment  would  be  required  to  procure  them. 
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An  alternative  method  of  acquiring  RLPG  data  is  available.  As  previously 
demonstrated,  RLPG  data  can  be  recorded  on  analog  tape  and  then  digitized  to  generate 
a  discrete  representation.  Two  factors  make  this  option  attractive.  The  first  is  the  fact  that 
it  is  possible  to  sample  the  analog  waveforms  from  the  analog  tape  at  a  faster  rate  (400 
kHz  in  this  case)  than  when  acquiring  the  data  in  real-time.  Second,  the  analog  tape 
recorder  play  back  cards  each  have  a  low-pass  filter  at  80  kHz  built  into  them,  which  can 
be  used  to  prevent  aliasing  effects.  In  addition,  by  sampling  at  400  kHz  and  filtering  at  80 
kHz,  the  rule  for  sampling  a  waveform  is  maintained.  If  you  will  recall,  a  general  rule  of 
thumb  is  to  sample  a  given  analog  waveform  at  least  5  times  per  cycle  in  order  to 
adequately  resolve  both  the  frequency  and  amplitude  content  of  the  waveform.  The 
procedure  adopted  is  outlined  below. 


1 .  Acquire  RLPG  data  on-line  at  200  kHz  to  see  the  general  waveform  characteristics 
in  real-time. 

2.  Record  RLPG  data  on  analog  tape  concurrently  for  future  reference. 

3.  Digitize  RLPG  data  from  analog  tape  at  400  kHz  to  eliminate  aliasing. 


In  a  case  such  as  when  the  acquisition  system’s  sampling  rate  is  limited  and  a  large 
number  on  on-line  filters  is  not  available,  the  above  solution  serves  to  eliminate  the  effect 
of  aliasing  while  adequately  resolving  the  amplitude  and  frequency  content  of  the 
waveform.  However,  due  to  the  cutoff  characteristics  of  the  low-pass  filter,  some  attenua¬ 
tion  at  frequencies  near  cutoff  does  occur. 


5.  FREQUENCY  AND  AMPLITUDE  LIMITATIONS 


Due  to  the  fact  that  ideal  filters  do  not  exist,  there  will  always  be  some  attenuation  of 
frequencies  just  below  the  cutoff  frequency  of  the  low-pass  filter.  It  is  very  important  to 
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quantify  the  effect  that  this  filter  has  on  the  amplitude  content  of  the  RLPG  data.  In  order 
to  quantify  the  cutoff  characteristics  of  the  built-in  filter  in  the  analog  tape  recorder  play 
back  cards,  the  following  test  was  performed.  The  acquisition  system  previously  described 
was  used  to  acquire  sinusoids  of  a  cingle  frequency  ranging  from  10  kHz  to  120  kHz  at  a 
sampling  frequency  of  500  kHz.  Each  sinusoid  of  known  frequency  and  amplitude  was 
also  recorded  on  analog  tape  and  then  digitized  at  400  kHz.  An  FFT  of  256  points  was 
then  performed  on  each  pair  of  signals  (on-line  500  kHz,  digitized  400  kHz)  and  their 
amplitudes  were  compared.  Table  1  shows  the  results  of  this  test. 

Based  on  this  test,  the  following  statements  can  be  made  concerning  the  limitations  of 
the  prescribed  acquisition  method.  The  frequency  content  of  the  data  is  accurate  to  80 
kHz,  which  is  the  cutoff  frequency  of  the  low-pass  filter.  However,  due  to  the  attenuation 
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of  frequency  components  near  the  cutoff  frequency  the  accuracy  of  the  waveform’s 
amplitude  is  only  considered  to  be  acceptable  to  60  kHz.  Beyond  60  kHz  we  cannot  make 
any  conclusions  concerning  the  amplitude  of  the  data  with  a  iy  confidence. 


6.  SUMMARY  AND  CONCLUSIONS 


The  effects  of  pressure  oscillations  on  projectile  integrity,  projectile  payloads,  and 
system  wear  is  a  key  technical  issue  to  the  LP  community.  In  order  to  make  any 
judgements  concerning  the  effects  of  these  oscillations,  it  is  neccessary  to  have  some 
knowledge  concerning  their  frequency  and  amplitude  content.  The  importance  of  acquisi¬ 
tion  system  parameters  such  as  sampling  rate  and  signal  conditioning,  are  paramount  to 
the  measurement  of  data  from  RLPG  systems.  The  phenomenon  of  aliasing  was  defined 
and  demonstrated.  The  minimum  sampling  requirements  were  outlined.  A  general  rule 
of  thumb  Is  to  sample  a  given  analog  waveform  at  least  5  times  per  cycle  in  order  to 
adequately  resolve  both  the  frequency  and  amplitude  content  of  the  waveform.  The  need 
to  filter  data  before  sampling  to  prevent  aliasing  was  also  demonstrated  in  a  RLPG 
environment.  The  procedure  used  at  the  ARL  to  acquire  RLPG  data  was  outlined  and  both 
the  frequency  and  amplitude  limitations  were  addressed.  The  system  used  to  acquire 
RLPG  data  at  the  ARL  is  accurate  for  frequencies  up  to  80  kHz.  Due  to  attenuation  caused 
by  the  low-pass  filter  involved  in  preventing  aliasing,  the  amplitude  of  the  waveform  is 
accurate  to  60  kHz. 
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Department  of  Mathematics 
Troy,  NY  12181 

1  Stevens  Institute  of  Technology 

Davidson  Laboratory 
ATTN:  R.  McAlevy  III 
Castle  Point  Station 
Hoboken,  NJ  07030-5907 

1  Rutgers  University 

Department  of  Mechanical  and 
Aerospace  Engineering 
ATTN:  S.  Temkin 
University  Heights  Campus 
New  Brunswick,  NJ  08903 

1  University  of  Southern  California 

Mechanical  Engineering  Department 
ATTN:  0HE200,  M.  Gerstein 
Los  Angeles,  CA  90089-5199 

1  University  of  Utah 

Department  of  Chemical  Engineering 
ATTN:  A.  Baer 

Salt  Lake  City,  UT  84112-1194 

1  Washington  State  University 

Department  of  Mechanical  Engineering 
ATTN:  C.T.  Crowe 
Pullman,  WA  99163-5201 

1  AFELM,  The  Rand  Corporation 

ATTN:  Library  D 
1 700  Main  Street 
Santa  Monica,  CA  90401-3297 
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No.  of 

Copies  Organization 

1  Arrow  Technology  Associates,  Inc. 
ATTN:  W.  Hathaway 

P.O.  Box  4218 

South  Burlington,  VT  05401  *0042 

3  AAI  Corporation 
ATTN:  J.  Hebert 

J.  Frankie 
D.  Cleveland 
P.O.  Box  126 

Hunt  Valley,  MD  21030-0126 

2  Alliant  Techsystems,  Inc. 

ATTN:  R.E.  Tompkins 

J.  Kennedy 
7225  Northland  Dr. 

Brooklyn  Park,  MN  55428 

1  AVCO  Everett  Research  Laboratory 

ATTN:  D.  Stickler 
2385  Revere  Beach  Parkway 
Everett,  MA  02149-5936 

1  General  Applied  Sciences  Lab 

ATTN:  J.  Erdos 
77  Raynor  Ave. 

Ronkonkama,  NY  1 1 779-6649 

1  General  Electric  Company 

Tactical  System  Department 
ATTN:  J.  Mandzy 
100  Plastics  Ave. 

Pittsfield,  MA  01201-3698 

1  IITRI 

ATTN:  M.J.  Klein 
10  W.  35th  Street 
Chicago,  IL  60616-3799 

4  Hercules,  Inc. 

Radford  Army  Ammunition  Plant 
ATTN:  L.  Gizzi 

D.A.  Worrell 
W.J.  Worrell 
C.  Chandler 

Radford,  VA  24141-0299 

2  Hercules,  Inc. 

Allegheny  Ballistics  Laboratory 
ATTN:  William  B.  Walkup 

Thomas  F.  Farabaugh 
P.O.  Box  210 

Rocket  Center,  WV  26726 


No.  of 

Copies  Organization 

1  Hercules,  Inc. 

Aerospace 
ATTN:  R.  Cartwright 
100  Howard  Blvd. 

Kenville,  NJ  07847 

1  Hercules,  Inc. 

Hercules  Plaza 
ATTN:  B.M.  Riggleman 
Wilmington,  DE  19894 

1  MBR  Research  Inc. 

ATTN:  Dr.  Moshe  Ben-Reuven 
601  Ewing  St.,  Suite  C-22 
Princeton,  NJ  08540 

1  Olin  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  F.E.  Wolf 
Baraboo,  Wl  53913 

3  Olin  Ordnance 

ATTN:  E.J.  Kirschke 
A.F.  Gonzalez 
D.W.  Worthington 
P.O.  Box  222 

St.  Marks,  FL  32355-0222 

1  Olin  Ordnance 

ATTN:  H.A.  McElroy 
10101  9th  Street,  North 
St.  Petersburg,  FL  33716 

1  Paul  Gough  Associates,  Inc. 

ATTN:  P.S.  Gough 
1048  South  St. 

Portsmouth,  NH  03801-5423 

1  Physics  International  Library 
ATTN:  H.  Wayne  Wampler 
P.O.  Box  5010 

San  Leandro,  CA  94577-0599 

2  Princeton  Combustion  Research 

Laboratories,  Inc. 

ATTN:  N.  Mer 

N.A.  Messina 
Princeton  Corporate  Plaza 
11  Deerpark  Dr.,  Bldg  IV,  Suite  119 
Monmouth  Junction,  NJ  08852 
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Rockwell  International 
Rocketdyne  Division 
ATTN:  BA08, 

J.  Flanagan 
J.  Gray 
R.B.  Edelman 
6633  Canoga  Avenue 
Canoga  Park,  CA  91 303-2703 

Rockwell  International  Science  Center 
ATTN:  Dr.  S.  Chakravarthy 
Dr.  S.  Palaniswamy 
1049  Camino  Dos  Rios 
P.O.  Box  1085 
Thousand  Oaks,  CA  91360 

Southwest  Research  Institute 

ATTN:  J.P.  Riegel 

6220  Culebra  Road 

P.O.  Drawer  28510 

San  Antonio,  TX  78228-0510 

Sverdrup  Technology,  Inc. 

ATTN:  Dr.  John  Deur 
2001  Aerospace  Parkway 
Brook  Park,  OH  44142 

Thiokol  Corporation 
Elkton  Division 
ATTN:  R.  Wilier 
R.  Biddle 
Tech  Library 
P.O.  Box  241 
Elkton,  MD  21921-0241 


1  Veritay  Technology,  Inc. 

ATTN:  E.  Fisher 
4845  Millersport  Hwy. 

East  Amherst,  NY  14501-0305 

1  Universal  Propulsion  Company 

ATTN:  H.J.  McSpadden 
25401  North  Central  Ave. 

Phoenix,  AZ  85027-7837 

1  SRI  International 

Propulsion  Sciences  Division 

ATTN:  Tech  Library 
333  Ravenwood  Avenue 
Menlo  Park,  CA  94025-3493 

Aberdeen  Proving  Ground 

1  Cdr,  USACSTA 

ATTN:  STECS-PO/R.  Hendricksen 


No.  Of 

Copies  Organization 

1  Ernst-Mach-lnstitut 

ATTN:  Dr.  R.  Reiser 
Haupstrasse  18 
Weii  am  Rheim 
Germany 

1  Defence  Research  Agency,  Military 

Division 

ATTN:  C.  Woodley 
RARDE  Fort  Halstead 
Sevenoaks,  Kent,  TNI  4  7BP 
England 

1  School  of  Mechanical,  Materials,  and 

Civil  Engineering 
ATTN:  Dr.  Bryan  Lawton 
Royal  Military  College  of  Science 
Shrivenham,  Swindon,  Wiltshire, 

SN6  8LA 
England 


No.  of 

Copies  Organization 

2  Institut  Saint  Louis 

ATTN:  Dr.  Marc  Giraud 

Dr.  Gunther  Sheets 
Postfach  1260 
7858  Weail  am  Rhem  1 
Germany 

1  Explosive  Ordnance  Division 

ATTN:  A.  Wiidegger-Gaissmaier 
Defence  Science  and  Technology 
Organisation 
P.O.  Box  1750 

Salisbury,  South  Australia  5108 

1  Armaments  Division 

ATTN:  Dr.  J.  Lavigne 
Defence  Research  Establishment 
Valcartier 

2459,  Pie  XI  Blvd.,  North 
P.O.  Box  8800 

Courcelette,  Quebec  GOA  1 R0 
Canada 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 

This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your 
comments/answers  to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR- 132 _ DateofRepon  Way  1993 _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for 

which  the  report  will  be  used.) _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of 
ideas,  etc.)  _ _ _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved, 
operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  organization,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address 
above  and  the  Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


Department  of  the  Army 


OFRCIAL  BUSINESS 


BUSES  ESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  to  POOL  APG,  MO 

Postage  *ili  Be  paid  Oy  addressee 


Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-B  (Tech  Lib) 
Aberdeen  Proving  Ground,  MD  21005-5066 


